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Abstract
The purpose of this study was to investigate the extent and speciﬁcity of crowding in the normal fovea and periphery, and the
central ﬁeld of amblyopes, using ‘‘C’’-like patterns. In the ﬁrst experiment we measured the extent of crowding for C-patterns com-
prised of Gaussian patches, over a range of target sizes using a four-alternative forced-choice (up, down, left, right) method. We
found that the extent of foveal crowding is proportional to target size. In contrast, in normal periphery and in the central ﬁeld
of amblyopes, crowding extends over large spatial distances and is not size dependent. Crowding for our stimuli occurred with both
same-polarity and opposite polarity patches. To test whether the extended crowding in amblyopia resulted from a shift in the spatial
scale of analysis, we measured crowding with band-limited C-patterns (comprised of Gabor patches) in a gap localization task
(2-AFC). With band-limited stimuli, and a task that does not involve judging the orientation of the gap, the amblyopic eyes showed
crowding over a longer distance than that of normal observers. We also tested the orientation speciﬁcity of crowding by varying the
orientation of the ﬂanks. In normal fovea, crowding is orientation speciﬁc: in amblyopia it is not. While crowding in normal fovea
can be explained by simple pattern masking, crowding seen in normal periphery and amblyopes cannot. Instead we suggest that
crowding in amblyopic and peripheral vision is a result of extended pooling at a stage following the stage of feature detection.
 2004 Elsevier Ltd. All rights reserved.
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The deleterious inﬂuence of nearby ﬂanks on visual
discrimination is known as contour interaction or
‘‘crowding’’. In peripheral (Bouma, 1970; Levi, Klein,
& Aitsebaomo, 1985) and amblyopic vision (Flom,
Weymouth, & Kahneman, 1963; Hess & Jacobs, 1979;
Levi & Klein, 1985) crowding can occur over long dis-
tances. Crowding has been extensively studied, but is
not fully understood. In a recent study, we used E-like
targets comprised of Gaussian or Gabor patches, and0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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E-mail address: dlevi@berkeley.edu (D.M. Levi).showed that in foveal vision, the extent of crowding is
proportional to target size over a 50-fold range of target
sizes, and that it is readily explained by simple contrast
masking (Levi, Klein, & Hariharan, 2002). In contrast,
in peripheral and amblyopic vision (Levi, Hariharan &
Klein, 2002a, 2002b) we found that crowding extended
over a larger spatial distance, and could not be simply
explained on the basis of simple contrast masking.
In the present paper we report the results of crowding
experiments conducted on normal fovea, periphery and
central ﬁeld of strabismic amblyopes using a ‘‘C-pat-
tern’’. We chose the ‘‘C-pattern’’ for several reasons:
(1) it is localized and highly familiar, (2) a number of
studies including the classical study by Flom et al.
(1963) as well as recent studies by Hess and colleagues
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Tewﬁk, 2000; Hess, Dakin, Tewﬁk, & Brown, 2001;
Hess, Williams, & Chaudhry, 2001) have used Landolt
C targets to study the eﬀects of nearby contours on vis-
ual discrimination, (3) the C-pattern varies smoothly in
space, and is more compact than the ‘‘E-pattern’’ used
in our earlier studies (Levi, Klein, & Hariharan, 2002;
Levi, Hariharan, & Klein, 2002a, 2002b) because the
constituent patches in our sampled C-pattern are over-
lapped, (4) the C-pattern has a single gap and therefore
does not provide the strong global orientation cue that is
seen in the E-pattern, (5) our Gaussian C has a signiﬁ-
cant advantage over the sharp-edged letters that are typ-
ically used, since it is low-pass, thus reducing the
importance of high spatial frequencies. As clearly shown
by Hess et al. (2001), with sharp-edged Cs, there is a
strong eﬀect of spatial frequency as the target size is var-
ied whereby for tiny letters optical blur strongly attenu-
ates high frequency features.Fig. 1. Examples of Gaussian ‘‘C’’ stimuli used in Experiment 1. The
top panel is the isolated C made of twelve equally spaced (30deg of
angular separation) circular dark Gaussian patches with one missing
patch, which served as the target. The other panels show Cs
surrounded by high contrast ﬂanks at separations equal to 5, 3 and
2 standard deviation units (target to ﬂank distance/ standard deviation
of the patch) from the target. The left panels show C targets
surrounded by same polarity ﬂanks; the right panels, opposite polarity
ﬂanks.2. General methods
The stimuli, comprised of Gaussian (Fig. 1) or Gabor
(Fig. 2) patches, were displayed on a video monitor
(either a Monoray high brightness monitor with a mean
luminance of approximately 80cd/m2 or a Mitsubishi
Diamond Scan 20H monitor with a mean luminance
of approximately 56cd/m2) using a Cambridge Research
Systems VSG 2/3 graphics card with 15-bit contrast res-
olution. Six control observers (including two of the
authors) with normal or corrected-to-normal vision par-
ticipated in one or more of the experiments and three
amblyopic observers with varying degrees and types of
amblyopia participated in these experiments. A detailed
description of the type and degree of amblyopia and
other speciﬁcs for the amblyopic observers can be found
in Table 1. For peripheral viewing, the stimuli were pre-
sented at 5deg in the lower visual ﬁeld. For all observ-
ers, viewing was monocular, with the untested eye
occluded with a black patch. All observers were well
trained in making psychophysical judgements.3. Experiment 1—Crowding with Gaussian ‘‘C-patterns’’
of diﬀerent sizes
Flom et al. (1963) reported that the extent of crowd-
ing was proportional to the minimum angle of resolu-
tion (MAR) in normal and amblyopic observers using
Landolt C targets. Based on these ﬁndings they con-
cluded that the extent over which crowding occurs might
be related to the size of the receptive ﬁeld (and hence the
resolving capacity) associated with the retinal region
used to ﬁxate the target. In normal periphery and central
ﬁeld of amblyopes, small receptive ﬁelds have low sensi-tivity. Therefore, larger receptive ﬁelds are engaged,
resulting in reduced visual acuity or increased MAR.
This putative shift from small to large receptive ﬁelds
is commonly known as the ‘‘scale shift’’ hypothesis (Levi
& Waugh, 1994; Levi, Waugh, & Beard, 1994). How-
ever, Flom et al., and until very recently (see below) al-
most all other studies of crowding used targets that were
at or near the observers acuity limit. Since acuity is re-
duced in peripheral and amblyopic vision, the increased
extent of crowding might simply be a consequence of
using larger targets to test amblyopic and peripheral vi-
sion because of their reduced acuity. One needs to vary
stimulus size as an independent variable.
Fig. 2. Examples of band-limited C targets made of twelve equally
spaced (30deg of angular separation) Gabor patches with one missing
patch with varying orientations used in Experiment 2. The top panels
show Cs and ﬂanks at target to ﬂank distances of 4.5 and 3 standard
deviation units. The gap orientation of the C and ﬂanks are similar in
the top panels. The middle panels show Cs at target to ﬂank distances
of 6 standard deviation units and the gap orientation of the C is
orthogonal to the orientation of the ﬂank. The bottom panels show
examples of unﬂanked C targets (left) and C target with ﬂanks at 4.5
standard deviation units made of horizontally oriented Gabor patches,
which was used to measure extent of crowding in the 180deg direction-
identiﬁcation task.
Table 1
Visual characteristics of amblyopic observers
Observer Age/sex Eye Rx.
Strabismic
RH 32/M O.D. 1.00/0.50 · 170
O.S. 1.50/1.50 · 10
Strab and Aniso
DS 26/M O.D. +2.25 DS
O.S. +0.50 DS
DM 40/F O.D. 0.50/0.25 · 92
O.S. 2.50/1.00 · 160
a 75% correct on Davidson–Eskridge charts.
b Fixation determined with Haidingers brushes and Visuoscopy.
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suggestion (the extent of interaction being proportional
to the size of the receptive ﬁeld) we can make two pre-
dictions on the nature of crowding in amblyopes and
periphery of the normal observers. The ﬁrst prediction
is that the spatial extent of crowding will depend on
the size or the spatial frequency of the target. Several
very recent studies have looked at how crowding de-
pends on target size. Levi, Klein, and Hariharan
(2002) showed that in normal foveal vision, crowding
depends on target size over a 50-fold range of target
sizes. However, in peripheral and amblyopic vision
(Levi, Hariharan, & Klein, 2002a, 2002b) crowding ex-
tended over a large ﬁxed distance, and showed little or
no dependence on target size. Levi et al. used E patterns,
and, as noted above, the results may not generalize to
other targets. Similarly, Tripathy and Cavanagh (2002)
found that the extent of crowding for T targets, by
squared-thetas as ﬂanks in peripheral vision, did not
scale with target size. Tripathy and Cavanagh did not
test foveal or amblyopic vision. A second, prediction
of the scale-shift hypothesis is that the extent of crowd-
ing may be similar in normal and amblyopic vision when
targets are large relative to their acuity limit. This pre-
diction is based on the assumption that small receptive
ﬁelds that can resolve high spatial frequencies are com-
promised in amblyopic vision, while large receptive
ﬁelds are intact.
In order to test these predictions we measured crowd-
ing with Gaussian ‘‘C’’-patterns of diﬀerent sizes. The
‘‘target’’ was a C-like ﬁgure comprised of 12 equally
spaced (30deg of angular separation) circular dark
Gaussian patches with one missing patch (Fig. 1). The
radius of the C was always set to be 3.33 times the patch
standard deviation. On each trial the target was pre-
sented brieﬂy (for 195ms) with one of four orientations
(up, down, left, right) selected at random. The observers
task was to identify the orientation of the C.
In order to assess the inﬂuence of the ﬂanks on pat-
tern perception we measured the contrast thresholds
for identifying the orientation of the target by using aAcuitya Fixationb Strabismus
20/15 Central
20/59 Unsteady Microtropia l.et., 2D
20/40 2deg Nasal Constant r.et., 8D
20/20 Central
20/20 Central
20/80 0.5deg Nasal Constant l.xt., 3D
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uli. The four surrounding ﬂanks were comprised of one
Gaussian patch each (Fig. 1). The standard deviation of
the ﬂanker was the same as that of the constituent Gaus-
sians comprising the C. Unless otherwise speciﬁed, the
polarity of the ﬂanks were identical to that of the target
(which was always dark), and the ﬂank contrast was
90%. From trial to trial, the target was presented at
one of four near-threshold contrast levels (based on pi-
lot experiments), and the resulting psychometric func-
tion was ﬁt with a Weibull function in order to
estimate the threshold for identifying the orientation
of the target. Each threshold estimate, corresponding
to the contrast resulting in 72.4% correct performance
(d 0 = 1.6), was based on 100 trials. The contrast thresh-
olds presented in the results section are the weighted
means of at least four individual threshold estimates.
From one run to another, we varied the ﬂank distance
(including inﬁnity which provided a measure of un-
ﬂanked performance) and the viewing distance in order
to vary the target size. The ﬂank distance was speciﬁed
as the distance from the center of the ﬂank to center
of the adjacent C patch (or gap). Fig. 1 shows examples
of an unﬂanked C, which was used as the target and a C
with ﬂanks at distances corresponding to 5, 3 and 2
times the patch standard deviation units (SDU, i.e., tar-
get to ﬂank distance divided by standard deviation of
the patch). In the opposite-polarity experiment, the
ﬂanks were bright, while the C was still dark (shown
in the right panels of Fig. 1). Three normal and three
amblyopic observers were tested with two diﬀerent tar-
get sizes. We also obtained fragmentary data on a fourth
normal observer.
We also measured the minimum angle of resolution
(MAR) for unﬂanked Gaussian C-like targets at 70%
contrast. The percentage of correct responses for identi-
fying the orientation of the Cs of diﬀerent sizes in 0.1
log unit steps was measured. The MAR was estimated
by ﬁtting the data with a Probit function. The threshold
estimates were based on 200–400 trials for each target
size, and is speciﬁed as 1/12 of the circumference of
the just discriminable C. We measured MAR using
Gaussian Cs for one control (SH) and all the amblyopic
observers.4. Results and discussion—Experiment 1
We deﬁne crowding as the increase in the contrast
thresholds for identifying the orientation of the C-pat-
tern in the presence of nearby ﬂanks. In normal foveal
vision, both the unﬂanked threshold and the ﬂank-to-
target distance at which thresholds begin to rise depends
on the target size. This can be seen in Fig. 3 which shows
foveal performance (open symbols) for Gaussian Cs for
a range of target sizes. Note that for the normal fovea,in the crowded region thresholds are more or less inde-
pendent of target standard deviation, and the slopes of
the threshold vs. separation curves are 1. In this re-
gime, the product of ﬂank distance and contrast thresh-
old is approximately constant. We suspect that this
reﬂects an ‘‘intrinsic blur’’ for crowding. In contrast,
in peripheral vision, for a given target size (Fig. 3 ﬁlled
symbols), crowding extends over considerably larger dis-
tances than in the fovea (open symbols). In striking sim-
ilarity, for a given target size, the amblyopic eye (Fig. 4
solid symbols) shows a greater extent of crowding when
compared to the non-amblyopic eye, as seen by the up-
ward and rightward shift of the data. In order to assess
the predictions of the scale-shift hypothesis, we quanti-
ﬁed the extent of crowding by ﬁtting Gaussian functions
to the data (Eq. (1), shown by the lines in Figs. 3 and 4).
We specify the critical distance (CD) as the ﬂank dis-
tance that causes the unﬂanked thresholds to double.
Thf ¼ Thunf  ð1þ Peak^ð1 ðFD=CDÞ2ÞÞ ð1Þ
where Thf is the ﬂanked threshold, Thunf is the un-
ﬂanked threshold, Peak is the peak amplitude of the
Gaussian, and FD is the ﬂank distance. It is important
to note that the ﬁt was not constrained to pass through
the measured unﬂanked threshold (triangles in Figs. 3
and 4). The critical distance (in minutes) is plotted as
a function of target size (minutes) in Fig. 5. The present
study shows that in normal foveal vision (Fig. 5, thin
symbols), the extent of crowding for C-patterns, quanti-
ﬁed in terms of the critical distance, is proportional to
the target size over the 4-fold range of target sizes that
we measured. On the other hand normal periphery
(Fig. 5, thick symbols) and amblyopic eyes (Fig. 5, solid
symbols) do not show this size dependence. For small
targets, crowding in peripheral and amblyopic vision
does not scale to target size, but is disproportionately
large. Interestingly, for large targets the critical distances
for peripheral and amblyopic vision approach those of
the normal fovea, consistent with the second prediction
of the scale shift hypothesis (i.e., that the extent of
crowding may be similar in normal and amblyopic vi-
sion when the targets are large).
Flom et al. (1963) showed the extent of interaction to
be proportional to the minimum angle of resolution
(MAR). Flom et al. estimated (by eye) the extent of
interaction based on percentage of correct responses
for Cs at the observers acuity limit. They identiﬁed
the maximum bar separation aﬀording interaction and
speciﬁed it as point x (percentage of correct responses
begin to decline) and the bar separation producing the
greatest interaction was designated as point y (percent-
age of correct responses decreases to or below chance le-
vel). Following this they showed that the maximum
amount of interaction (point y) was about two times
the MAR, while the minimum amount of interaction
(point x) was ﬁve times the MAR. In order to examine
Fig. 3. Contrast thresholds in percentage vs. ﬂank to C distance in minutes of arc for Gaussian Cs. Each panel shows data from fovea and periphery
(5deg) for diﬀerent target sizes (coded by color) in three control observers. In each panel, open symbols represent data from the fovea; solid symbols
represent data from the periphery. The triangles (solid-periphery, open-fovea) represent unﬂanked thresholds (identiﬁcation thresholds in the absence
of ﬂanks) for each target size.
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and our observers MAR, we plot each observers small-
est critical distance against their MAR (Fig. 6). For the
two normal observers, the critical distance is approxi-
mately 3 0, roughly 5–6 times the observers MAR. For
the three amblyopic eyes the MAR is higher, as ex-
pected, but the CD is between 7 and 17 times the
MAR. We note that two of the non-amblyopic eyes
(DS and RH), also shows disproportionately large
crowding. Note that Table 1 shows that RH has a
four-fold diﬀerence of acuity in the two eyes, but Fig.
6 indicates that the MARs are about the same. This dif-
ference reﬂects the eﬀects of crowding. MAR in Fig. 6 is
for isolated Cs (see methods), whereas in Table 1 it re-
ﬂects the acuity on a very crowded Davidson–Eskridge
chart.The two lines in Fig. 6 correspond to the two ratios
(points x and y). Considering point x, the maximum
bar separation at which interaction occurs, as the extent
of interaction, Flom et al. showed that in amblyopic and
normal observers point x was 6.8 and 4.7 times the mul-
tiple of gap width respectively. Even though the extent of
the zone of interaction was larger in angular terms for
most amblyopic eyes, it was similar to normals when ex-
pressed in multiples of the interaction-free minimum an-
gle of resolution. On the other hand we estimated our
extent of crowding based on the point at which the un-
ﬂanked thresholds doubled (as mentioned earlier). In
normal vision, we found that critical distance is propor-
tional to target size so there is no simple relationship be-
tween CD and MAR. For example, the measured
minimum angle of resolution using the Gaussian Cs
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622 S. Hariharan et al. / Vision Research 45 (2005) 617–633for the control observer SH was 0.6min. The extent of
crowding for this observer was measured and estimated
with four diﬀerent target sizes (Cs made of 1 0, 2 0, 3 0
and 4 0 standard deviation patches). The smallest size C
used to measure the extent of crowding was a C made
of twelve 1 0 standard deviation patches with one missing
patch and according to our estimates the ‘‘eﬀective’’ gap
width of this C subtends approximately an angle of 1.7 0
(i.e., 1/12 of the circumference of the C) at the fovea.
Thus, the gap width of the smallest size C used was al-
most 3 times the MAR (0.6 0 for SH) and the critical dis-
tance for the smallest C was about 3 0 (or 5 times MAR).The key point is that some amblyopic eyes show a greater
extent of crowding than expected based on their MAR.
While DMs crowding distance is not much diﬀerent
from the normal observers (after scaling for MAR), both
RH and DS have critical distances which are larger. It is
also interesting to note that the fellow non-amblyopic
eye of observer DS shows an increase in the extent of
crowding. Our results, in contradistinction to Flom
et al.s ﬁndings show that for small, but suprathreshold
targets, amblyopes have a greater extent of crowding
than our normal observers when expressed in terms of
their minimum angle of resolution. It is also important
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ham & Whitaker, 1996; Leat, Li, & Epp, 1999; Hess
et al., 2001) have shown crowding to be abnormal in both
form and magnitude in some amblyopes and in the
periphery of normal observers respectively. Most impor-
tantly, in relation to our results they have shown that this
abnormality does not depend simply upon the acuity def-
icit seen in amblyopic and normal peripheral vision.
While the present results are similar to those obtained
with E-like patterns (Levi, Klein, &Hariharan, 2002), the
eﬀect of the ﬂanks on discriminating the orientation of
the C-pattern is diﬀerent from its eﬀect on the E-pattern.
With E-patterns, crowding produces 180deg (mirror im-
age) errors. In contrast, crowding a C results in, on aver-
age, a factor of two more 90deg than 180deg errors (as
expected based on random performance, since there are
twice the number of possible 90deg confusions). For nor-
mals the ratio of 90–180deg errors was 2.08 ± 0.11; for
the preferred eyes of amblyopes, 2.12 ± 0.13, and for
the amblyopic eyes, it was 2.06 ± 0.06.
4.0.1. The eﬀect of ﬂank polarity
Flank polarity can have a strong inﬂuence on
‘‘crowding’’ (Kooi, Toet, Tripathy, & Levi, 1994). Forexample, in the normal fovea, reversing the contrast
polarity between the targets and the ﬂanks abolished
contour interaction for near acuity threshold, sharp-
edged Landolt Cs (Hess et al., 2000—but see Liu,
2001) but not for suprathreshold Cs (Hess et al.,
2001). These eﬀects are important, because they suggest
that diﬀerent mechanisms may be at work for near
threshold vs. suprathreshold targets. Moreover, oppo-
site-polarity ﬂanks had diﬀerent eﬀects in amblyopic
and peripheral vision (Hess, Dakin, & Kapoor et al.,
2000; Hess et al., 2001). We wondered whether the dif-
ferential eﬀects of polarity in normal and amblyopic
crowding might be due to the sharp-edged targets used
by Hess and colleagues. Therefore we tested the eﬀect
of ﬂank polarity in our normal observers by measuring
crowding with Gaussian Cs and opposite polarity
Gaussian ﬂanks. Fig. 7 shows mean threshold elevation
from the fovea of three normal observers and data from
1 amblyope DS for same and opposite polarity condi-
tions. Threshold elevation was generally similar with
the same- (dark C and dark ﬂanks) and opposite-polar-
ity (dark C and bright ﬂanks) for the nearthreshold
C (Fig. 7, top left panel). With the suprathreshold C,
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than with same-polarity (Fig. 7, top right panel). With
a near threshold C (Fig. 7, bottom left panel) opposite
polarity ﬂanks produce similar amounts of threshold
elevation as same polarity ﬂanks in the non-amblyopic
eye of observer DS. The amblyopic eye of DS shows a
greater extent of interaction and threshold elevation
than his preferred eye with both polarities, and some-
what greater threshold elevation with same polarity than
with opposite polarity ﬂanks. With a suprathreshold C
(Fig. 7, bottom right panel) there was very little diﬀer-
ence in the magnitude of threshold elevation and extent
of interaction between the two conditions or between
the amblyopic and non-amblyopic eyes.
In order to determine whether the extent of crowding
(critical distance) diﬀers between same and opposite
polarity ﬂanks we ﬁt the raw data with Gaussian func-
tions (as described in Eq. (1)). The results are plottedas the critical distance estimates speciﬁed in minutes of
arc between same vs. opposite polarity ﬂanks (Fig. 8).
From this ﬁgure we can see that the extent of interaction
is slightly smaller with opposite polarity ﬂanks for both
the target sizes in our normal observers (open symbols
coded for target size). For the larger C (0.44deg in dia-
meter), the extent of crowding with opposite polarity
ﬂanks reduced by 30–40% when compared to the extent
of crowding with same polarity ﬂanks for two normal
observers, while one observer showed similar extents
of crowding with same and opposite polarity ﬂanks.
For the smaller C (0.11deg in diameter, small symbol)
the extent of crowding with opposite polarity ﬂanks
was reduced by 10–20% for all the three control observ-
ers. The data of our amblyopes (gray open-NAE and so-
lid-AE symbols coded for target size) shows that the
extent of crowding scatters around the 1:1 line, showing
that the extent of crowding is not very diﬀerent between
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target sizes. These results, in agreement with Hess
et al. (2001) and Ehrt, Hess, Williams, and Sher
(2003), show that for patterns that are larger than the
acuity limit, crowding is not abolished by opposite
polarity ﬂanks. We note that for our targets the diﬀer-
ences between the eﬀect of same and opposite polarity
ﬂanks are small and variable and the extent of crowding
measured with same and opposite polarity ﬂanks do not
diﬀer systematically. Note too that our targets were
not as small as those of Hess et al. (2000) and they did
not have sharp edges.
Our amblyopic observers (Fig. 8) showed a greater
extent of crowding in their amblyopic eyes for small tar-
gets, independent of ﬂank polarity. Our results, in agree-
ment with Hess et al. (2001), show that amblyopes show
contour interaction irrespective of the polarity of the
ﬂanks. With our suprathreshold Gaussian C targets
and ﬂanks, the amblyopic observers showed similar ex-
tents of interaction when tested with same and opposite
polarity ﬂanks.5. Experiment 2—Crowding with Gabor C-patterns
Experiment 1 showed that amblyopic observers exhi-
bit a greater extent of crowding when compared to nor-mal observers when tested with similar target sizes. This
result with Gaussian targets is similar to previous stud-
ies, in that the stimuli are not band-limited, and there-
fore the increased extent of crowding may be a
consequence of the visual system engaging large (low)
spatial frequency ﬁlters (Flom et al., 1963; Hess et al.,
2001). Hence, our primary goal in Experiment 2 was
to test the extent of crowding using band-limited (Ga-
bor) stimuli. Our band-limited (0.825 octaves) stimuli
ensured that the initial (linear) ﬁlters selected in ambly-
opic vision were similar in scale to those selected for fo-
veal viewing.
The target was a C-like ﬁgure comprised of 12 over-
lapped (equally spaced at 30deg of angular separation)
Gabor patches with one missing patch as in Experiment
1. On each trial the target was brieﬂy presented (for
195ms) in one of the two orientations: either a left vs.
right or an up vs. down discrimination task. The two
tasks were done in separate runs. The target carrier
was always aligned with the C contour (see Fig. 2),
and the radius of the C was always set at 3.33 times
the patch standard deviation. The spatial frequency of
the carrier varied between 2 and 10c/deg.
In this experiment we measured the contrast thresh-
old for identifying the position of the target gap using
a two-alternative forced-choice method of constant
stimuli. We used the 180-deg position discrimination
task in order to eliminate the orientation cue, which is
an important feature of the critical spatial frequency
model (Bondarko & Danilova, 1997; Hess et al.,
2000—discussed later).
The two surrounding ﬂanks were comprised of one
Gabor patch each. Unless otherwise speciﬁed the size,
spatial frequency and orientation of the patches were
identical to the missing patch in the target, and ﬂank
contrast was 90%. In left vs. right experiments, the
ﬂanks were placed on either side of the C and in the
up vs. down experiments the ﬂanks were placed above
and below it. From run to run we varied the distance
of the ﬂanks from the target (speciﬁed as the distance
from the center of the ﬂank patch to the adjacent patch
in the C that deﬁnes the gap). Fig. 2 (top panel) shows
an example of targets and the ﬂanks at 6, 4.5 and 3
standard deviation units. Both the target and the ﬂanks
were displayed at the same time for the same duration.
As in Experiment 1, the target was presented at one
of the four near threshold contrast levels (based on pilot
experiments), and the resulting psychometric function
was ﬁtted with a Weibull function in order to estimate
threshold for identifying the orientation of the target.
Each threshold estimate, corresponding to the contrast
resulting in 81.6% correct performance, was based on
100 trials. All observers were tested for both the left/
right and up/down position discrimination tasks in sep-
arate experiments. The contrast thresholds are weighted
means of at least four individual threshold estimates. In
626 S. Hariharan et al. / Vision Research 45 (2005) 617–633a control experiment we also measured the eﬀect of
changing the ﬂank orientation with respect to the tar-
gets gap orientation.6. Results and discussion—Experiment 2
The primary goal of this experiment is to ask whether
the extended crowding in the amblyopic eye noted with
Gaussian Cs is a consequence of a shift in the spatial
scale of analysis. Fig. 9 summarizes the results of this
experiment by plotting the horizontal critical distance
(abscissa—estimated as above for the left/right discrim-
ination) vs. the vertical critical distance (ordinate)—esti-
mated as above, for the up/down. Note that the critical
distances are speciﬁed in standard deviation units. For
the normals, the critical distances are slightly asymmet-
ric (vertical smaller than horizontal) but are, on average
about 2 SDU (strongly overlapped) as are the preferred
eyes of the three amblyopes. The amblyopic eyes show
an increased extent of crowding with these band-limited
targets. The horizontal extent is, on average about twice
that of the normals. The vertical extent shows individual
diﬀerences. Two amblyopes have similar vertical and
horizontal extent of crowding but RH shows a vertical
extent in excess of 9 SDU! The large vertical extent of
crowding suggests that it is not simply a consequence
of smear due to unsteady (horizontal) ﬁxation eye-
movements.1
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Fig. 9. Vertical extent of crowding (from the up vs. down task) vs.
horizontal extent of crowding (from the left vs. right task) with Gabor
Cs for normal fovea (circles) non-amblyopic eyes (open squares) and
amblyopic eyes (solid squares) are shown. Critical distances are
speciﬁed in standard deviation units (SDU).7. Experiment 3—Eﬀect of ﬂank orientation on crowding
In normal foveal vision, crowding with E-patterns is
orientation speciﬁc. When the ﬂank carrier orientation
is orthogonal to the E-carrier orientation there is little
or no threshold elevation (Levi, Klein, & Hariharan,
2002). In this experiment we also measured the eﬀect of
changing the ﬂank orientation with respect to the C-tar-
gets gap orientation. For normal observer TL and the
three amblyopic observers we tested crowding with C-
patterns made of Gabor patches that were aligned to
the curvature of the C (Fig. 2, top and middle panels).
In the same target and ﬂank orientation condition
(Fig. 2, top and lower panels) the ﬂanks have the same
orientation as the missing Gabor patch that makes the
gap in the C-pattern. In the orthogonal orientation con-
dition, the orientation of the ﬂank carrier was orthogonal
to the missing Gabor patch that makes the gap. For
example, the middle panel of Fig. 2 shows that in the ﬁrst
case (left) the missing Gabor patch (gap orientation) is
horizontal, whereas the ﬂanks are vertically orientated.
Likewise, in the second case (right) the gap orientation
is vertical, whereas the ﬂanks are horizontally oriented.
Other conditions were the same as Experiment 2.
Observer DL was tested with the Cs and ﬂanks made
of horizontal carrier orientation as shown in the lower
panel of Fig. 2. In the orthogonal target and ﬂank orien-
tation condition, the orientation of the ﬂank carrier was
vertical.8. Results and discussion—Experiment 3
In normal foveal vision, crowding with C-patterns is
orientation speciﬁc. For example, observer DL shows
strong elevation when the gap orientation of the target
and ﬂanks are similar (dark bars in Fig. 10, top panel),
but little or no elevation when ﬂanks are orthogonal to
the gap orientation of the C-pattern (striped bars in Fig.
10, top panel). Normal observer TL showed similar re-
sults. In contrast, orthogonally oriented ﬂanks elevate
thresholds in strabismic amblyopia (Fig. 10 lower pa-
nel). For example, with his amblyopic eye, observer
DS had similar threshold elevation with both iso- (same)
or orthogonally orientated ﬂanks in the L/R task with
his amblyopic eye, and shows substantial (more than a
factor of two) threshold elevation with orthogonal
ﬂanks in the U/D task. The other amblyopic observers
show similar threshold elevation with both iso- (same)
and orthogonally oriented ﬂanks.9. General discussion
The main goal of our study was to compare the size
dependence and speciﬁcity (polarity and orientation)
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Fig. 10. The eﬀect of ﬂank orientation on contrast thresholds for identifying the location of the target gap in a Gabor C. Control observers (top
panel) show less threshold elevation with orthogonally oriented ﬂanks (striped bars) when compared to similar target and ﬂank orientations (dark
bars). Data from the up/down task for normal observer DL is not shown in the ﬁgure. This shows that crowding is orientation speciﬁc in normal
observers. Amblyopic observer DS (lower panel). The left side of lower panel shows data from his amblyopic eye and the right side shows data from
non-amblyopic eye. Like the control eyes the non-amblyopic eyes show orientation speciﬁcity for crowding. While the amblyopic eyes do not show a
strong orientation preference.
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foveal and peripheral vision. In Experiment 1, we ex-
plored crowding, a form of inhibitory spatial interaction
with low-pass Gaussian C-patterns in normal fovea,
periphery and amblyopic observers. The main conclu-
sions to be drawn from Experiment 1 are:
1. In normal fovea crowding extends over a small region
and, once outside the ‘‘intrinsic blur’’ for crowding,
the extent of crowding is proportional to target size,
consistent with the results of Levi, Klein, and Hariha-
ran (2002) using E-patterns.
2. In normal periphery and amblyopic visual systems
crowding extends over inappropriately large spatial
distances and does not depend on target size, consist-
ent with recent studies (Levi, Hariharan, & Klein,
2002a, 2002b; Tripathy & Cavanagh, 2002).
3. In foveal and amblyopic vision the extent of crowding
for our (suprathreshold) Gaussian Cs is similar with
same- and opposite- polarity ﬂanks.
In order to test whether the greater extent of crowd-
ing seen in amblyopic visual system is a consequence of
a scale shift to larger (lower) spatial frequency ﬁlters and
to test the ‘‘critical spatial frequency’’ model, we meas-
ured and quantiﬁed extent of crowding using a band-limited C-pattern with no orientation cue in Experiment
2, leading to:
4. Crowding occurs over greater distances in amblyopes
with band-limited C-patterns. Thus, the large extent
of crowding seen in amblyopic observers from Exper-
iment 1, is not simply a consequence of shift in the
ﬁrst stage (linear) spatial scale of analysis.
The present results conﬁrm and extend previous stud-
ies by us and others, showing that crowding in ambly-
opic and peripheral vision extends over greater
distances than in the fovea, even after scaling for resolu-
tion. Moreover, for our soft-edged targets, this crowding
occurs with both same and opposite polarity ﬂanks. Fi-
nally, we show that in amblyopic vision, crowding may
be qualitatively diﬀerent in the amblyopic fovea, in that
it occurs for orthogonally oriented ﬂanks.
9.1. Mechanisms of foveal crowding
Hess and colleagues (Hess, Dakin, & Kapoor et al.,
2000; Hess, Dakin, & Tewﬁk et al., 2001) proposed a
‘‘critical spatial frequency model’’ for foveal crowding,
which assumes that the visual system uses some rep-
resentation of amplitude within a critical orientation/
628 S. Hariharan et al. / Vision Research 45 (2005) 617–633spatial frequency band to determine the orientation of
the target like the Landolt C. Below, we look at the util-
ity of the Fourier approach in a more general sense.
9.2. Modeling foveal crowding
9.2.1. A Fourier model
In our previous paper, we found that the Fourier ap-
proach was not very helpful in explaining foveal crowd-
ing of Es (see Levi, Klein, & Hariharan, 2002).
However, as we pointed out, the E-like target is unor-
thodox, and may not provide a good test for the Fourier
approach. Thus, we applied the Fourier approach to our
Gaussian Cs (see Appendix A for details).
Figs. 11 and 12 show that the Fourier approach is
no more helpful in understanding the crowding of a
C than of an E. Fig. 11(A) shows the two-dimensional
Fourier transforms of the pedestal (Eq. (A.4)) and of
the test (Eq. (A.2)). The vertical line in the test pattern
panel is at f = 1.1c/deg where the test pattern is strong-
est. The color bar shows the Fourier transform of the
test pattern with two patches is weaker than the pedes-
tal with 12 patches. Fig. 11(B) shows the Fourier trans-
form of the mask plus pedestal at four mask
separations (2r, 3r, 5r, and 10r). The ﬁrst three sepa-
rations are those used in our experiments. The mask
and pedestal have contrasts of 10% and 2% respectively
(note that we use these values for illustrative purposes
only). The right and left panels of Fig. 11(B) are for
the case where the mask and pedestal have same and
opposite polarity respectively. For a non-ﬁlter based
version of the Fourier approach to be useful there must
be regions in Fourier space where the information
matches the human data. In order to detect the test pat-
tern one must use regions of Fourier space near the ver-
tical line. For well-separated masks (the last two panels
of Fig. 11(B)) there must be regions where the pedestal
plus mask must be small near the vertical line. For clo-
sely spaced masks (the ﬁrst two panels of Fig. 11(B))
the pedestal plus mask must be large near the vertical
line.
In order to facilitate viewing the critical regions near
the vertical line, in Fig. 12 we replot the Fourier trans-
forms along the vertical cut at f = 1.1c/deg. The two
upper panels are similar to those in Fig. 11(A) and (B)
except now the x-axis is the mask vertical spatial fre-
quency and the y-axis is the separation, similar to Fig.
11. The horizontal spatial frequency is ﬁxed at
f = 1.1c/deg where the test pattern is maximal. The four
horizontal black lines in Fig. 12 correspond to the four
mask separations shown in Fig. 11(B). The Fourier
amplitudes along these cuts in the upper two panels of
Fig. 12 are the same as the corresponding values along
the vertical cut in Fig. 11(B). The upper two panels
are the absolute values of the values in the lower panels.
The absolute values should be a good indicator of themasking magnitude in a simple Fourier based model
of masking.
It is diﬃcult to see any pattern in these plots that
would explain the foveal crowding seen in our experi-
ments. As seen in the left panel of Fig. 12, the maximal
amount of masking would be expected for mask separa-
tions of 10r in the case when mask and pedestal have the
same polarity. That is clearly a nonsensical result.
The Fourier approach does have value in that it iden-
tiﬁes the region of Fourier space where the test informa-
tion is to be found. As pointed out by Anderson and
Thibos (1999), and by Bondarko and Danilova (1997)
diﬀerent letters can have quite diﬀerent spatial frequency
regions that provide optimal detection of the relevant
test signal. However, when strong irrelevant features
are present such as provided by the pedestal or by a dis-
tant mask, the simple Fourier approach is not useful in
predicting gross features of pattern discrimination.
9.2.2. An overlap masking model
Flom et al. (1963) proposed that foveal crowding oc-
curs when there is an overlap between the target and the
ﬂanks in the same neural unit e.g. cortical receptive ﬁeld
and/or hypercolumn (Levi et al., 1985; Levi & Klein,
1985). This explanation predicts that crowding would
occur over a large range of target sizes and that the ex-
tent of crowding would be proportional to the target size
(as shown in Fig. 6). Thus, this explanation implies that
crowding is essentially contrast masking by nearby
ﬂanks (rather than a superimposed mask), and will oc-
cur when there is overlap between the target and ﬂank
(either physically, or in the same neural unit) that
obscures the cue. In a previous paper (Levi, Klein, &
Hariharan, 2002) we showed when tested with an
‘‘E-pattern’’ that foveal crowding could be predicted
by a test-pedestal model and validated the prediction
by a two-patch masking experiment. This model showed
that foveal crowding is essentially pattern masking.
Based on our results we propose that foveal crowding
when tested with a ‘‘C-pattern’’ can be explained by
using the same model (refer to Levi, Klein, & Hariharan,
2002 for a detailed description of the model). Our C-pat-
tern has only one missing gap, which can be easily
masked by the one-patch ﬂankers corresponding to the
gap positions. To illustrate this point, we have imple-
mented a very simplistic model of foveal crowding, in
which the strength of crowding is directly related to
the degree to which the ﬂank overlaps the center of
the missing patch. The prediction for the masked thresh-
old relative to the unmasked threshold is given by the
formula:
Thel ¼ 1þ E  expðsep2=2Þ ð2Þ
where E is the threshold elevation for a fully overlapped
target plus ﬂank and sep is the separation between the
mask center and the center of the missing patch in stand-
Fig. 11. (A) The two-dimensional Fourier transforms of the C-patterns. The left panel is the pedestal, the right panel is the test pattern. The vertical
line in the test pattern panel is at f = 1.1c/deg where the test pattern is strongest. (B) Fourier transform of the mask plus pedestal at four mask
separations (2r, 3r, 5r, and 10r). The ﬁrst three separations are those used in our experiments. The mask and pedestal have contrasts of 10% and 2%
respectively. The upper and lower panels of Fig. 11(B) are for the case where the mask and pedestal have same and opposite polarity respectively.
S. Hariharan et al. / Vision Research 45 (2005) 617–633 629ard deviation units. The three curves in Fig. 13 show ra-
tios of 30, 20 and 10. The data are discrimination data of
the 3 normal observers shown in Fig. 8 plus data of a
fourth observer (MF) with same polarity targets only.
Note that the model is almost certainly an oversimpliﬁ-
cation, and we are using it here only to illustrate the ef-
fects of overlap. Although the threshold elevation due tothe physical overlap of target and mask can, in principle,
explain foveal crowding at small separations (3 SDU
and below), it does not explain the residual crowding
that occurs up to about 5 SDU. This additional thresh-
old elevation may be related to spatial uncertainty (the
location of the cue is unknown) since our stimuli are
brieﬂy presented. The reader can see from Fig. 1, that
Fig. 12. The two-dimensional Fourier transform of the mask plus pedestal, along the vertical cut at f = 1.1c/deg shown in Fig. 11. Lower panels: are
similar to those in Fig. 11(B) except now the y-axis is the mask separation and the x-axis is the vertical spatial frequency. The four horizontal black
lines correspond to the four mask separations shown in Fig. 11(B). The Fourier amplitudes along these cuts in the lower two panels of Fig. 12 are the
same as the corresponding values along the vertical cuts in Fig. 11(B). Upper panels: Absolute values of the values in the lower two panels. The
absolute values should be a good indicator of the masking magnitude in a simple Fourier based model of masking.
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630 S. Hariharan et al. / Vision Research 45 (2005) 617–633with a long stimulus duration and scrutiny, there is little
or no eﬀect of ﬂanks at 3 SDU. With brief durations and
uncertainty about the locations of the target and mask,
target and mask may get confused, and hence a ‘‘crowd-
ing eﬀect’’. In the unﬂanked case there is no confusion.
We note that this overlap model does not predict the
bunching of foveal thresholds for diﬀerent size targets
(when plotted as a function of spatial separation) in
the ‘‘crowding regime (Fig. 3) unless we postulate an
‘‘intrinsic blur’’ (Levi & Klein, 1990).
In contrast to the foveal crowding, the extent and
strength of crowding seen in normal periphery (Experi-
ment 1) and central ﬁeld of amblyopic observers (Exper-
iments 1 and 2) cannot be explained by simple pattern
masking. In normal periphery and amblyopes crowding
is not size dependent and it extends over greater dis-
tances, where there is no physical overlap between target
and ﬂanks. In peripheral vision, crowding may extend as
far as 0.5 times the target eccentricity (Bouma, 1970;
Toet & Levi, 1992; see Chung, Levi, & Legge, 2001 for
a review), and the extent of interference increases much
more rapidly than resolution as eccentricity increases
(Latham & Whitaker, 1996). In the current study, the
extent of interaction was approximately 8 percent of
the eccentricity (dotted line in Fig. 5; see Levi, Hariha-
ran & Klein, 2002a for a discussion of some of the fac-
tors that contribute to the large discrepancies in the
reported extent of crowding). Based on these ﬁndings
we propose a simple second stage pooling model in
S. Hariharan et al. / Vision Research 45 (2005) 617–633 631which, the ﬂanks and the target combine at a second
stage of visual processing (Chung et al., 2001; Levi, Har-
iharan, & Klein, 2002a, 2002b; Parkes, Lund, Angelucci,
Solomon, & Morgan, 2001; Pelli & Palomeres, 2000).
An alternative formulation, is the hypothesis that
crowding in peripheral (and amblyopic) vision repre-
sents an attentional limit (Tripathy & Cavanagh,
2002). These two ideas are not mutually exclusive (and
may even be the same).
9.3. Second stage pooling and attentional resolution in
peripheral and amblyopic vision
In normal fovea we seem to integrate features over
just the region of an object needed to identify it. How-
ever, in the periphery and the amblyopic visual systems,
where crowding is stronger, it seems that features are
integrated over an inappropriately large area. He, Cav-
anagh, and Intriligator (1996) argued that perception
of spatial details in the periphery is limited by two fac-
tors: (a) the ability of the visual system to resolve each
feature (visual resolution), and (b) the ability of mecha-
nisms at a subsequent stage, to isolate each feature, re-
ferred to as ‘‘attentional resolution’’ by Intriligator and
Cavanagh (2001), who argued that peripheral crowding
results from limitations set by attentional resolution.
He et al. (1996) showed that perception of spatial details
in the periphery is limited by visual resolution in the ab-
sence of distractors, while the perception of similar spa-
tial details of a target depends on attentional resolution
in the presence of distractors. Our results are consistent
with the idea that crowding in peripheral and amblyopic
vision reﬂects limited resolution at a stage beyond the ini-
tial ﬁltering stage i.e. the feature extraction or detection
stage (Chung et al., 2001; Parkes et al., 2001; Pelli & Pal-
omeres, 2000; Tripathy & Cavanagh, 2002). In our
crowding task our observers are required not only to de-
tect the features, but also to localize the missing feature,
which is the gap deﬁning the orientation of the C-pattern
in a 180-deg position discrimination task. In previous pa-
pers (Levi, Hariharan, & Klein, 2002a, 2002b) we
showed that our amblyopic observers and normal
observers in the periphery can easily detect the features
under conditions where crowding is strong. Therefore,
we suggest that the increased extent of crowding in
amblyopic vision occurs because the target and the ﬂanks
are combined or pooled at a second stage of feature inte-
gration, which follows the feature extraction stage. In
amblyopic vision, like the periphery, this pooling takes
place over larger distances. The presence of crowding
with band limited stimuli ensures that the large extent
of crowding seen in amblyopic observers cannot be en-
tirely explained by a shift in the spatial scale of analysis.
We speculate that reduced contrast sensitivity in the
amblyopic visual system at the feature extraction stage
(detection), leads to a shift in spatial scale of analysiswith broadband stimuli. The second (feature integration)
stage is well matched to the target (Levi, Klein, & Car-
ney, 2000), in normal fovea but not in peripheral or
amblyopic visual systems because of limited resources.
Our ﬁnding that crowding in normal fovea is qualita-
tively diﬀerent from normal periphery and amblyopic
visual system is consistent with Hess, Dakin, and Tewﬁk
et al. (2001). Thus, the results from Experiment 2 using
bandlimited stimuli shows that crowding is not just a
consequence of a simple scale shift in the peripheral
and amblyopic visual systems, instead it signiﬁes a defec-
tive second stage ﬁlter that is not well matched to the tar-
get for identiﬁcation.
Our conclusions receive some support from other
psychophysical studies (Sharma, Levi, & Klein, 2000;
Wong, Levi, & McGraw, 2001). For example, Sharma
et al., 2000 tested the ability of amblyopic observers to
count the number of missing patches from a uniform
grid of 7 · 7 array of high contrast Gabor patches.
The results showed that amblyopic observers underesti-
mated the number of missing features to a greater extent
when compared to the control observers from the uni-
form grid when N > 4 in the amblyopic eye. They sug-
gested that tasks that involve identifying features in
the presence of several other features (like counting
the number of missing features) depend on the ability
of attentional mechanisms to individuate or isolate
each element, and they suggested that there may be a
‘‘higher’’ level deﬁcit in strabismic amblyopia that re-
ﬂected unreliable signals emanating from the representa-
tion of the amblyopic fovea in V1 as a consequence of
abnormal visual experience. In the same vein, Wong
et al. (2001) showed a detection loss in the amblyopic
visual system for a second-order stimuli, that is thought
to be processed at a stage beyond the initial ﬁltering
stage, probably V2 (Mareschal & Baker, 1999; Zhou &
Baker, 1994). The amblyopic eyes showed a greater loss
with the second-order stimuli when compared to the
ﬁrst-order stimuli, suggesting the presence of higher
order deﬁcits in the amblyopic visual system.
In summary, the large extent of crowding in peripheral
and amblyopic visionmay be a reﬂection of pooling infor-
mation over a large (ﬁxed) spatial area. This increased
pooling could be a result of limited visual resources
resulting in coarse ‘‘attentional resolution’’ (Intriligator
& Cavanagh, 2001) in peripheral and amblyopic vision.Acknowledgments
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The Appendix of Levi, Klein, and Hariharan (2002)
provides full details on how we calculated the Fourier
transform of Es. Here we apply this method to the
2AFC method of Experiments 2 and 3. We calculate
the Fourier transform of Cs comprised of 11 Gaussian
patches (12 patches comprising a circle with either the
rightmost or leftmost patch missing). The analysis for
Cs uses the same method used for Es, decomposing
the C into a symmetric pedestal plus an anti-symmetric
test. The pedestal is made symmetric by deﬁning it as the
average of a rightward and a leftward facing C. The test
pattern is deﬁned as the diﬀerence between the full C
and the pedestal (i.e., the diﬀerence spectrum). For a
rightward facing C the test pattern is an opposite polar-
ity pair of Gaussian patches:
Testðx; yÞ ¼ cpatchðgðxþ r; yÞ  gðx r; yÞÞ=2 ðA:1Þ
where
gðx; yÞ ¼ expððx2 þ y2Þ=2r2Þ ðA:2Þ
The contrast of each patch is cpatch and r = 3.3r is the
radius of the C. The factor of 1/2 in Eq. (A.1) is because
the contrast of the two patches in the test pattern is half
the contrast of the patches comprising the C. In this test-
pedestal decomposition the 2AFC task becomes a task
of discriminating the sign of the test pattern. The advan-
tage of this decomposition is that the Fourier transforms
of both test and pedestal are relatively simple.
The Fourier transform of test (x,y) in Eq. (A.1) is:
Testðf ; gÞ ¼ icpatch sinðfrÞGðf ; gÞ=2 ðA:3Þ
where
Gðf ; gÞ ¼ expððf 2 þ g2Þr2=2Þ ðA:4Þ
with f and g being the spatial frequencies in the horizon-
tal and vertical directions respectively, in units of radi-
ans/deg, and r being the spatial standard deviation
in deg (same r as Eq. (A.2)). Note that Eqs. (A.2)
and (A.4) are Fourier transforms of each other, thus
the standard deviations are reciprocals of each other.
The i =
p1 in Eq. (A.3) comes from the fact that the
anti-symmetric test pattern produces a purely imaginary
Fourier transform. The single term in Eq. (A.3) is able
to represent a pair of Gaussians because the pair in
Eq. (A.1) is anti-symmetric relative to the origin.
The Fourier transform of the pedestal comprised of
12 Gaussians is purely real and is given by:
Pedðf ; gÞ ¼ cpatch½2 cosðp3fr=2Þ cosðgr=2Þ þ 2
 cosðfr=2Þ cosðp3gr=2Þ
þ cosðfrÞ=2þ cosðgrÞGðf ; gÞ ðA:5Þ
The term cos(fr) in Eq. (A.5) representing the rightmost
and leftmost patches has half the contrast of the lower-
most and uppermost patches because of the gap.The Fourier transform of the mask is given by:
Maskðf ; gÞ ¼ cmask cosðf ðmþ rÞÞGðf ; gÞ ðA:6Þ
where cmask is the mask contrast and m is the distance
from the mask center to the center of the patches in
the closest C.
Note that in this model, the pedestal is present on all
trials as is the mask. The pedestal has the same role as
the mask. Nicely they are both symmetric functions so
the Fourier transforms are real and thus the two add to-
gether simply. The test is anti-symmetric in space, and in
Fourier space it is imaginary. So the task of distinguish-
ing a leftward C from a rightward one (the ‘‘phase’’
task) is simply to determine the sign of the test in both
space and frequency domain.References
Anderson, R. S., & Thibos, L. N. (1999). Sampling limits and critical
bandwidth for letter discrimination in peripheral vision. Journal of
Optical Society of America, A, 16, 2334–2342.
Bondarko, V. M., & Danilova, M. V. (1997). What spatial frequency
do we use to detect the orientation of a Landolt C? Vision Research,
37, 2153–2156.
Bouma, H. (1970). Interaction eﬀects in parafoveal letter recognition.
Nature, 226, 177–178.
Chung, S. T., Levi, D. M., & Legge, G. E. (2001). Spatial-frequency
and Contrast properties of Crowding. Vision Research, 41,
1833–1850.
Ehrt, O., Hess, R. F., Williams, C. B., & Sher, K. (2003). Foveal
contrast thresholds exhibit spatial- frequency- and polarity-speciﬁc
contour interactions. Journal of Optical Society of America, A, 20,
11–17.
Flom, M. C., Weymouth, F. W., & Kahneman, D. (1963). Visual
Resolution and Contour Interaction. Journal of Optical Society of
America, 53, 1026–1032.
He, S., Cavanagh, P., & Intriligator, J. (1996). Attentional resolution
and the locus of visual awareness. Nature, 383, 334–337.
Hess, R. F., & Jacobs, R. J. (1979). A preliminary report of acuity and
contour interactions across the amblyopes visual ﬁeld. Vision
Research, 19, 1403–1408.
Hess, R. F., Dakin, S. C., & Kapoor, N. (2000). The foveal crowding
eﬀect: physics or physiology. Vision Research, 40, 365–370.
Hess, R. F., Dakin, S. C., Kapoor, N., & Tewﬁk, M. (2000). Contour
interaction in fovea and periphery. Journal of Optical Society of
America, A, 17, 1516–1524.
Hess, R. F., Dakin, S. C., Tewﬁk, M., & Brown, B. (2001). Contour
interaction in amblyopia: scale selection. Vision Research, 41,
2285–2296.
Hess, R. F., Williams, C. B., & Chaudhry, A. (2001). Contour
interaction for easily resolvable stimulus. Journal of Optical Society
of America, A, 18, 2414–2418.
Intriligator, J., & Cavanagh, P. (2001). The spatial resolution of visual
attention. Cognitive Psychology, 43, 171–216.
Kooi, F. L., Toet, A., Tripathy, S. P., & Levi, D. M. (1994). The eﬀect
of similarity and duration on spatial interaction in peripheral
vision. Spatial Vision, 8, 255–279.
Latham, K., & Whitaker, D. (1996). Relative roles of resolution and
spatial interference in foveal and peripheral vision. Ophthalmology
Physiolological Optics, 16, 49–57.
Leat, S. J., Li, W., & Epp, K. (1999). Crowding in central and eccentric
vision: the eﬀects of contour interaction and attention. Investigative
Ophthalmology and Visual Science, 40, 504–512.
S. Hariharan et al. / Vision Research 45 (2005) 617–633 633Levi, D. M., Klein, S. A., & Aitsebaomo, A. P. (1985). Vernier acuity,
crowding and cortical magniﬁcation. Vision Research, 25, 963–977.
Levi, D. M., & Klein, S. A. (1985). Vernier acuity, crowding and
amblyopia. Vision Research, 25, 979–991.
Levi, D. M., & Klein, S. A. (1990). Equivalent blur in amblyopic
vision. Vision Research, 30, 1995–2022.
Levi, D. M., & Waugh, S. J. (1994). Spatial scale shifts in peripheral
vernier acuity. Vision Research, 34, 2215–2238.
Levi, D. M., Waugh, S. J., & Beard, B. L. (1994). Spatial scale shifts in
amblyopia. Vision Research, 34, 3315–3333.
Levi, D. M., Klein, S. A., & Carney, T. (2000). Unmasking the
mechanisms for Vernier acuity: evidence for a template model for
Vernier acuity. Vision Research, 40, 951–972.
Levi, D. M., Klein, S. A., & Hariharan, S. (2002). Suppressive and
Facilitatory Spatial Interactions in Foveal Vision: Foveal Crowd-
ing is simple contrast masking. Journal of Vision, 2, 140–166.
Levi, D. M., Hariharan, S., & Klein, S. A. (2002a). Suppressive and
facilitatory spatial interactions in peripheral vision: Peripheral
crowding is neither size invariant nor simple contrast masking.
Journal of Vision, 2, 167–177.
Levi, D. M., Hariharan, S., & Klein, S. A. (2002b). Suppressive and
Facilitatory interactions in Amblyopic Vision. Vision Research, 42,
1379–1394.Liu, L. (2001). Can amplitude diﬀerence spectrum peak frequency
explain the foveal crowding eﬀect. Vision Research, 41, 3693–3704.
Mareschal, I., & Baker, C. L. Jr. (1999). Cortical processing of second-
order motion. Visual Neuroscience, 16, 527–540.
Parkes, L., Lund, J., Angelucci, A., Solomon, J. A., & Morgan, M.
(2001). Compulsory averaging of crowded orientation signals in
human vision. Nature Neuroscience, 4, 739–744.
Pelli, D. G., & Palomares, M. (2000). The role of feature detection in
crowding. Investigative Ophthalmology and Visual Science (Suppl.),
41(4).
Sharma, V., Levi, D. M., & Klein, S. A. (2000). Undercounting
features and missing features: evidence for a high-level deﬁcit in
strabismic amblyopia. Nature Neuroscience, 3, 496–501.
Toet, A., & Levi, D. M. (1992). The two-dimensional shape of spatial
interaction zones in the parafovea. Vision Research, 32, 1349–1357.
Tripathy, S. P., & Cavanagh, P. (2002). The extent of crowding in
peripheral vision does not scale with target size. Vision Research,
42, 2357–2369.
Wong, E. H., Levi, D. M., & McGraw, P. V. (2001). Is second-order
spatial loss in amblyopia explained by the loss of ﬁrst-order spatial
input? Vision Research, 41, 2951–2960.
Zhou, Y. X., & Baker, C. L. Jr. (1994). Envelope-responsive neurons in
areas 17 and 18 of cat. Journal of Neurophysiology, 72, 2134–2150.
